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Abstract 
The utility of a novel technique for determining the ignition delay in a compression ignition engine has been shown. This method 
utilises statistical modelling in the Bayesian paradigm to accurately resolve the start of combustion from a band-pass in-cylinder 
pressure signal. Applied to neat diesel and six biofuels, including four fractionations of palm oil of varying carbon chain length and 
degree of unsaturation, the relationships between ignition delay, cetane number and oxygen content have been explored. It is noted 
that the expected negative relationship between ignition delay and cetane number held, as did the positive relationship between 
ignition delay and oxygen content. The degree of unsaturation was also identified as a potential factor influencing the ignition delay.  
Keywords: Alternative fuels, ignition delay, cetane number, net rate of heat release 
 
 
1. Introduction 
 
Investigation into the impacts of bio-fuels, 
combustion technologies and fuelling strategies are 
leading toward: reduced harmful emission, improved 
thermal efficiency, decreasing reliance on fossil fuels 
and reduced engine noise [1]. The global push toward 
more sustainable fuels and improved environmental 
conditions has seen a renewed vigour into bio-fuels 
research [2,3]. In a study focused on the effects of 
biofuels, ignition delay is a key operating parameter 
because it has a direct relationship to the extent of 
mixing prior to ignition and the heat release profile; 
therefore, it effects not only the performance of the 
engine but also has a strong influence on the emission 
[4-6]. 
Bodisco et al. [7-9] introduced a method to 
determine the start of combustion from single engine 
cycles using the in-cylinder pressure signal. This method 
has the advantage, over other methods, of being able to 
accurately resolve the start of combustion without 
resorting to cycle averaging. Cycle averaging may lead 
to issues such as: misleading results caused by large 
amounts of inter-cycle variability and a reduced ability 
to conduct an investigation into the inter-cycle 
variability [8]. Moreover, the determination of ignition 
delay from the apparent net rate of heat release (NRHR) 
can be influenced by the following [9-12]: 
• the difficulty in accounting for mixture 
nonuniformities in the air/fuel ratio and in the 
burned and unburned gas nonuniformities; 
• the effect of crevice regions in the combustion 
chamber;  
• the assumption of no heat transfer between the 
cylinder charge and the combustion chamber 
walls; and, 
• accurate resolution of the in-cylinder volume 
which is dependent on the accurate calibration 
of top dead centre (TDC). 
The method introduced by Bodisco et al. [7-9] 
isolates the start of combustion from the band pass 
filtered in-cylinder pressure signal. The start of 
combustion was defined qualitatively as the point from 
which the band-pass filtered in-cylinder pressure signal 
ceases to exhibit only noise-like behavior and a strong 
resonance begins (this resonance has been termed the 
combustion resonance) [7-9]. In Ref. [9] this point was 
isolated using a statistical model where a model 
parameter, δ, represented the start of combustion. The 
conceptual model was: 
 
    (1) 
where, s(t) is the band-pass in-cylinder pressure 
signal distributed Normally about the time-dependent 
mean of y, µ(t), with precision τ (defined as the inverse 
of the variance), H(t – δ) is a step function where µ(t) = 
0 for t < δ, A is the signal amplitude, λ is the sample-rate 
in Hz, ω is the resonant frequency (Hz) and ϕ is the 
phase shift. Each parameter was resolved in a Bayesian 
framework using Markov-chain Monte Carlo (MCMC). 
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In this study, the ignition delay will be defined as in 
Ref. [9], the delay between the start of fuel injection and 
combustion, and will be resolved using the Bayesian 
techniques described in the same work, with the 
conceptual model shown in (1). This method has been 
chosen as it offers greater resolution, compared to other 
techniques, and is not impaired by the limitations shown 
earlier in this section. In the Bayesian paradigm, each 
model parameter is described as a statistical distribution, 
this has the advantage of not only giving information 
about the value of the parameter, but also providing 
information relating to its uncertainty. Being an iterative 
process, the statistical distribution of each model 
parameter is typically described as a kernel density 
estimate of the output from the MCMC. Owing to space 
limitations in this study, only the modal value of the start 
of combustion parameter, δ, will be shown. 
The start of injection is determined by directly 
interrogating the signal controlling the injectors—this 
value has been corrected for injector lag [9]. Moreover, 
because the Bayesian technique is accurate on single 
engine cycles, the results shown in this work are derived 
from analysing one minute of consecutive cycles, for 
each fuel tested, and taking the most probable value [8]. 
The cetane number is a common fuel parameter used 
to describe the fuel’s potential for auto-ignition [10,13]. 
The relationship between the cetane number, amongst 
other parameters, and ignition delay in compression 
ignition engines has been explored by numerous 
researchers [10,14-15]. The preliminary work shown in 
this paper will resolve the ignition delay for six biofuels, 
including four fractionations of palm oil with varying 
carbon-chain lengths and degree of unsaturation [16], 
and compare them to their cetane number and oxygen 
content. These four biofuels are labelled by their 
dominate carbon chain lengths, i.e. C810 predominately 
has carbon chains of length 8 to 10, please refer to Ref. 
[16] for an in-depth description of these fuels, including 
a table of their composition.  
Cetane numbers were determined using the 
procedure outlined by the German DIN 51773:2010-04 
Standard [17]. Specifically two reference fuels: n-cetane, 
C16H34 (cetane number 100), and 1- methylnapthalene, 
C11H10 (cetane number 0), having purity not less than 
95% (m/m) are blended to mimic the ignition qualities of 
the test fuel. The cetane number of the test fuel is then 
determined by comparing the ignition delay of the test 
fuel with that of blends of the reference fuels in a BASF 
compression ignition engine operated at constant speed.  
The cetane numbers shown in this paper were 
determined in an accredited German laboratory in-
conjunction with Karlsruhe Institute of Technology. 
Conditions of accreditation for that laboratory are that 
during testing the ignition delay cannot vary by more 
than 0.1 degree in a ten minute period and that if the 
same fuel is checked at a different time the result shall 
not vary by more than 1 cetane number. Further, the 
cetane number result must be within 2.5 of any other 
accredited facility. Therefore, the results displayed are 
assumed reliable and accurate with a relative uncertainty 
of 1 cetane number.  
2. Engine Configuration 
 
Experiments were conducted at the Biofuel Engine 
Research Facility located at Queensland University of 
Technology, Brisbane, Australia. Under investigation 
was a modern, turbo-charged, inline six-cylinder, 
common-rail Cummins diesel engine (ISBe220 31) with 
advanced injection timing (~TDC). The engine has a 
capacity of 5.9 l, a bore of 102 mm, a stroke length of 
120 mm, a compression ratio of 17.3:1 and a rated power 
of 162 kW at 2000 rpm. The engine was coupled to an 
electronically controlled hydraulic dynamometer. For a 
detailed description of the engine please refer to Ref. [8]. 
All of the experimental results shown in this work were 
conducted at full load (defined by 100% throttle), 2000 
rpm. 
3. Data Acquisition 
 
The in-cylinder pressure was measured by a Kistler 
(6053CC60) piezoelectric transducer. Crank angle 
information was collected by a Kistler crank angle 
encoder set (type 2614) with a resolution of 0.5 crank 
angle degrees. The in-cylinder pressure, crank angle 
information and injection timing (as defined by the 
differential voltage applied to the injectors) where 
sampled with a Data Translation (DT9832) simultaneous 
analogue-to-digital converter connected to a desktop 
computer running National Instruments LabView at 200 
kHz. 
4. Net Rate of Heat Release 
 
For simplicity the NRHR is often shown as the 
apparent NRHR, without attempting to correct for heat 
losses, as shown in Ref. [10] and (2). 
 
  (2)  
 
where, Qn is the heat release, γ is the ratio of specific 
heats, p is the pressure and V is the volume. Aside from 
the physical issues with this calculation, described in 
Section 1, noise in the in-cylinder pressure signal can 
cause difficulties in interpreting the heat release curve. In 
order to minimise this, it is standard practice to cycle-
average data. However, in the case presented here this is 
insufficient to produce a NRHR diagram that is easily 
interpretable. Further complicating this process is noise 
from the injection signal interfering with the in-cylinder 
pressure signal, creating a high-frequency noise across 
the area of interest (during injection and the start of 
combustion). Any technique used to reduce the noise to 
allow interpretation potentially skews the results 
obtained. Mean average smoothing will cause a decrease 
in the peaks and shift their time-stamp and more 
advanced methods, involving spectral analysis 
techniques, can also shift the time-stamps and change the 
shape of the heat release curve. For the generation of the 
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NRHR diagrams shown in this paper, 1000 consecutive 
cycles are averaged and an equiripple frequency filter is 
used with a stop frequency of 2000 Hz. The effect of this 
filter is clearly seen in Fig. 1. 
The use of this filter has not significantly changed 
the general information contained in this NRHR 
diagram. However, the interpretation of this diagram for 
determining the start of combustion is ambiguous and 
cannot be determined without great uncertainty. As there 
is still great interest in comparing NRHR diagrams for 
information other than the start of combustion, Fig. 2 
shows the NRHR for all of the fuels discussed in this 
paper. It is notable in Fig. 2 that the trends in the NRHR 
diagrams are all very similar. Slight differences, 
however, can be observed in the neat diesel and the C810 
cases. 
Figure 1: Comparison between a filtered and an 
unfiltered heat release diagram 
Figure 2: Net rate of heat release for neat diesel and six 
bio-fuels 
5. Ignition Delay 
 
Using the combustion resonance, as described in 
Ref. [9], for determining the start of combustion removes 
the ambiguity introduced with the generation of a NRHR 
diagram. Moreover, given the great difference in 
frequency between the injector noise and the combustion 
resonance, they are easily distinguishable from each 
other and therefore the determination of the start of 
combustion is not impacted. Results from a MCMC 
simulation are typically shown as kernel density 
estimates. However, given the limited space in this paper 
the results will be shown as single values (taken as the 
peak of the kernel density estimate, i.e. the most 
probable value or the mode).  The modal ignition delay 
value for each fuel, as determined by the MCMC, is 
shown in Tab. 1 along with the cetane number and 
oxygen content (wt%) for each fuel. 
6. Cetane Number and Oxygen Content 
 
We now consider the relationships between ignition 
delay, cetane number and oxygen content based on the 
data presented in Tab. 1. Inspection of oxygen 
containing fuels (i.e. diesel excluded) reveals that in the 
relationship between cetane number and oxygen content 
(not shown as a figure), C810 is an outlier while all other 
fuels show consistent trends. The relatively high oxygen 
content appears to have significantly affected the cetane 
number. The remaining oxygenated fuels show cetane 
numbers ranging from 57.5 to 69.8, with little 
relationship to oxygen content. A number of factors 
effect the cetane number, particularly the level of 
saturation, which has more effect than oxygen content 
alone. In order to investigate the effect of both cetane 
number and oxygen content on ignition delay we present 
Figs. 3 and 4 with ignition delay on the abscissa so that 
individual fuels can be compared. As expected, Fig. 3 
shows a progressive increase in ignition delay as the 
cetane number decreases. This trend is particularly 
marked in the case of C810, which will be due, at least in 
part, to volatilisation during the later stages of 
compression, delaying the onset of ignition due to its low 
molecular weight. Diesel, on the other hand, shows a 
slightly higher ignition delay as a function of cetane 
number than the trend established by the other oxygen 
containing fuels. 
 
Table 1: Table of ignition delay values, cetane number 
and oxygen content for neat diesel and six bio-fuels 
 
Fuel [16] 
 
Ignition Delay 
(degrees) 
Measured 
Cetane 
Number 
Oxygen 
Content 
(%wt) 
Diesel 4.8 51.2* - 
C810 4.3 <42 19.29 
C1214 3.4 69.8 13.47 
C1618 3.4 65.4 11.14 
C1875 3.7 59.0 10.96 
Canola 3.7 57.5 10.57 
Tallow 2.8 68.9 10.81 
*Diesel cetane value was not measured, value taken from the fuel 
certificate provided by the supplier 
 
Figure 4 shows oxygen content (wt%) vs ignition 
delay, where the trend established in Fig. 3 is reversed; 
that is, ignition delay increases as the oxygen content is 
increased.  The biofuel, C1214 is also a slight outlier in 
both Figs. 3 and 4, probably because of its relatively 
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lower degree of unsaturation. Given that the number of 
oxygen atoms per carbon chain is the same, the fuels 
with relatively higher oxygen content (wt%) will tend to 
be smaller in molecular weight with correspondingly 
lower cetane numbers – which will directly contribute to 
the reduction in ignition delay.   
 
Figure 3: Cetane Number Vs Ignition Delay for neat 
diesel and six bio-fuels 
Figure 4: Oxygen Content (wt%) Vs Ignition Delay for 
six bio-fuels 
7. Conclusions 
 
This paper has shown the utility of a recently 
published technique for resolving ignition delay in a 
compression ignition internal combustion engine. The 
ignition delay has been resolved for six bio-fuels, 
including four fractionations of palm oil that vary in 
carbon chain length and degree of unsaturation. The 
relationships between ignition delay, cetane number and 
oxygen content were explored. It was found that a 
negative trend between cetane number and ignition delay 
and a positive trend between oxygen content and ignition 
delay was present. 
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